A topoisomerase I activity has been partially purified from crude extracts of spinach chloroplasts. This activity relaxes the supercoiled covalently closed circular DNA of pBR322. The enzyme requires Mg , but not ATP, and has an apparent molecular weight of about 115,000. It catalyzes a unit change in the linkage number of supercoiled DNA but cannot relax positive supercoiled DNA. These characteristics of the topoisomerase suggest it is of the prokaryotic type and would tend to support the endosymbiotic theory of plastid origin and evolution.
INTRODUCTION
The genome of chloroplasts exists as a closed covalently circular DNA of molecular weight from about 60 to 120 x 10 daltons for most of the plant species studied (1, 2) . The general organization of the chloroplast DNA is considered prokaryotic in nature even though intervening sequences in the genes for ribosomal RNA have identified in Chlamydomonas chloroplast DNA (3) . The evolution of organelle genomes, either plastids or mitochondria, has been reviewed in a recent conference (4) but the true origin of these autonomously replicating structures remains unknown.
The mechanism of replication of the chloroplast DNA (ct DNA) is also unresolved, though electron microscope studies have suggested that there may be an analogy between the replication of ct DNA and that of mitochondrial DNA (5) . In the latter case the supercoiled mitochondrial DNA is converted to an open circular form while strand displacement synthesis occurs (6) .
In the course of study of jji vitro DNA synthesis by isolated chloroplasts from maize (7) we have observed the presence of a topoisomerase capable of relaxing supercoiled plasmid DNA. This activity has also been detected in spinach chloroplasts which are the source of the HRL Press Limited, Oxford, England.
topoisomerase activity studied in this report. The characteristics of this partially purified enzymatic activity obtained from purified spinach chloroplasts, as reported here, suggest that it is a topoisomerase I of the prokaryotic type (8) . This is in contrast to the only other report of a higher plant topoisomerase by Dynan et al., who isolated a topoisomerase I activity of the eukaryotic type from wheat germ (9) .
MATERIALS AND METHODS
Reagents DEAE-cellulose (DE52) was purchased from the Whatman Co. The plasmid pBR322 DNA was prepared according to Norgard et al.
(10) and the plasmid pA03 DNA according to Oka et. al. (11) . A single topoisomer of pA03 DNA was obtained from pA03 DNA by incubation with E.
coli topoisomerase I (as described below) at room temperature for 30 min. The reaction mixture was loaded on a 0.8% low melting agarose gel and electrophoresed at 9 mA for 17 h using 89 mM Tris/boric acid, pH (12) . Poly(A) and oligo (dT) no no were 1Z-lo obtained from PL-Biochemicals. Poly(A).oligo (dT) " o was prepared as Iz-lo described by Siedlecki and Zmudzka (13) .
E. coli topoisomerase I (to protein) was a gift from Dr. J. C. Wang (Harvard University). Calf thymus topoisomerase I (10,000 u/ml) was purchased from Bethesda Research Laboratories.
Enzyme Preparation a) Preparation of Chloroplasts
Field grown spinacia oleracea was purchased from local markets.
The spinach leaves (100 g) were washed with cold deionized water containing 0.1% sodium hypochlorite and 0.05% Brij 58 and rinsed 3 times with cold distilled water. All subsequent operations were carried out at 4° using sterile solutions and glassware. The leaves were cut into small pieces and homogenized in 300 ml of STS buffer (330 mM sorbitol, 
RESULTS

Purification of Topoisomerase Activity
Topoisomerase activity can be detected in a crude extract from maize chloroplasts [Zimmermann and Weissbach (7)], or chloroplasts from the Wisconsin-38 line of cultured nicotiana tabacum cells (Siedlecki and Weissbach, unpublished data) and spinach leaves. Since the level of topoisomerase activity in chloroplasts is relatively low, we used spinach leaves, which were readily attainable commercially, as a source of chloroplasts from which to purify the enzyme activity.
The topoisomerase activity was purified by successive chromatography on DEAE cellulose and hydroxyapatite. Figure 1A shows the DEAE cellulose chromatography of the spinach chloroplast extract. There are two enzymatic activities shown in this panel, a DNA polymerase activity elating at 0.18 M NaCl and a topoisomerase activity which eluted at 0.28 M NaCl and which was detected by the standard electrophoretic assay as shown in the insert in Figure 1A . The DNA polymerase activity, which is merely shown as a marker, was detected with a DNA polymerase y assay (cf. Methods) but showed no activity when assayed under DNA polymerase o and 6 conditions (12). This enzyme is presumably the same as that described by Sala et al. (19) and is the putative chloroplast DNA polymerase.
The peak of topoisomerase activity obtained from DEAE cellulose a indicated in Figure 1A was further purified on hydroxyapatite ( Figure   IB ). The overall recovery of the enzyme from the crude extract was about 16% with a final pufification of 110 fold (Table I ). The peak of topoisomerase activity eluted from the hydroxyapatite chromatography at We find that ATP is not required by the spinach chloroplast topoisomerase for its relaxing activity on supercoiled DNA. Chloroplast DNA topoisomerase (145 units) was applied to a Sephadex G-200 column as described under "Materials and Methods" using ovalbumin (OV), bovine serum albumin (BSA), creatine phosphokinase (CPK) and aldolase (ALD) as a molecular weight markers. The markers were assayed spectrophotometrically at 280 nm. The standard DNA topoisomerase assay and analysis of the supercoiled DNA products were performed as described under "Materials and Methods." I -supercoiled plasmid DNA, II -relaxed circular plasmid DNA.
activity since the addition of 2 mM N-ethylmaleimide causes a total inhibition of the enzyme (data not shown). The assay mixture for the enzyme, therefore, routinely contains 0.5 mM dithioerythritol.
Molecular Weight
Gel filtration of the chloroplast topoisomerase in 75 mM potassium phosphate, pH 7.5, through Sephadex G-200 suggest an apparent molecular weight of about 115,000 (Figure 4 ). This was confirmed by sedimentation of the enzyme through a 10-30% glycerol gradient in 0.15 M NaCl, in which solution it showed an S value of 6.1 corresponding to a putative molecular weight of 110,000 (data not shown).
Failure to Relax Positive Supercoiled DNA and Linkage Number Wang (20) showed that ethidium bromide, in concentrations below 5 ug/ml, did not inhibit the relaxing activity of the 12. coli topoisomerase (UJ protein) for negatively supercoiled DNA. In the case of pBR322 DNA, ethidium bromide concentrations above 0.5 yg/ml cause the formation of positively supercoiled DNA (20, 21) . 12. coli topoisomerase I cannot act on positively supercolied DNA (19, 20) and this is confirmed in Fig. 5 , The prokaryotic topoisomerases are known to catalyze a change in linkage number of n + 1 (20) . Figure 6 shows a comparison of the superhelical forms of pA03 DNA generated by the E. coli u protein with 
DISCUSSION
To our knowledge, this report is the first description of topoisomerase activity in chloroplasts. There are two classes of DNA topoisomerases which have been described (8) . The type I enzymes convert topological forms of DNA by transient single strand breaks in the DNA chain. Type II topoisomerases, such as DNA gyrase, act via double strand breaks in the DNA. Topoisomerase I enzymes are widely distributed in both prokaryotes and eukaryotes, including viruses (8, 24, 25) .
In animal cells, topoisomerase I is always associated with the nucleus though a separate mitochondrial enzyme has been reported (26) . The prokaryotic topoisomerase I has been distinguished from the eukaryotic topoisomerase I by several criteria. The prokaryotic enzyme requires _| l_ Mg for activity; the eukaryotic enzyme does not and will even function in the presence of a metal chelator (8) . Eukaryotic topoisomerase can also relax both positively and negatively supercoiled DNA.
The data in this paper show that the chloroplast DNA topoisomerase requires Mg but not ATP for activity. This is strong presumptive evidence that the enzyme is of the prokaryotic group, though we recognize that a type II topoisomerase which can relax supercoiled DNA in the absence of ATP has been derived from .E. coli DNA gyrase (27, 28) . Further evidence for the putative prokaryotic origin of the chloroplast topoiso- an uncharacterized DNA-topoisomerase activity in maize pollen (32).
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